Auditory papillae from three species of bird (pigeon, starling, and chick), and two species of European lizard (Podarcis murolis and Podarcis sic&) were examined by scanning electron microscopy.
Introduction
The linkages between stereocilia (stereovilli) have previously been described extensively in mammals. The links can be divided into two broad groups Pickles et al., 1984) . Links of one group join the stereocilia laterally, and run predominantly parallel to the cuticular plate. These may well have a mechanical function, so that forces transmitted to some stereocilia on a hair cell bundle are transmitted to other stereocilia in the bundle (Flock and Strelioff, 1984) . Links in the second group emerge from the tips of each of the shorter stereocilia in a bundle, and run at a steep angle to the cuticular plate, to join the side-wall of the adjacent taller stereocilium in the bundle. It has been suggested that links of this second group, known as tip links, are involved in mechano-transduction.
They might be stretched by a stimulus-induced shear between the different rows of stereocilia, and so open transducer channels situated at one or other of their points of attachment to the stereocilia Pickles, 1985; Hudspeth, 1985 Lenoir et al., 1987) and also in hair cells of the fish saccular macula (Little and Neugebauer, 1985) . However, there are no clear descriptions published for other species, such as birds and reptiles. If tip links are involved in transduction, it is important to see whether they exist in those species as well. Moreover, it may be possible to gain additional information about their function by investigating a wider range of species.
Observations in the guinea-pig organ of Corti indicate that the tip links have a horizontal component in their orientation which runs parallel to the axis of bilateral symmetry of the hair bundle (i.e. parallel to the line drawn between the kinocilium or its basal body and the centre of the hair bundle; Pickles et al., 1984; Comis et al., 1985) . This axis also defines the direction for maximum sensitivity to deflection of the stereocilia during mechano-transduction (Lowenstein and Wersall, 1959; Flock, 1965; Hudspeth and Corey 1977) . That relation forms important corroborative evidence for the hypothesis that tip links might be involved in mech~o-transduction.
In the present study, the spatial organization of tip links has been analyzed in bird and lizard hair bundles. In comparison with the guinea pig cochlea, the bundles have a compact conformation, so the orientation of the tip links can be studied more reliably. Moreover, in reptiles and birds the hair bundles may have a variety of orientations with respect to the neural edge of the organ, with particularly interesting implications for the orientation of the tip links. In lizards for instance some groups of hair cells may be bidirectionally oriented (Miller, 1978; Manley, 1989) , and in the birds the orientation of the hair bundles changes in a regular and systematic manner across the width of the papilla (Tilney et al., 1987; Gleich and Manley, 1988; Fischer et al., 1988) .
We show in these bundles, in spite of their very different conformations and orientations, that with very few exceptions the tip links run parallel to the hair cell's axis of bilateral symmetry. Moreover, we describe a new factor in the organization of stereocilia, namely the presence of columns of stereocilia joined by tip links, with the columns running parallel to the axis of bilateral symmetry.
Preliminary reports of some aspects of the present results have been given previously (Pickles et al., 1988a, b) .
Methods
The study was performed on three pigeons, Columba livia, two starlings, Sturnus vulgaris, six chicks, Gul(us galius domesticus, two European wall lizards, Pudarcis muralis and one European ruin lizard, Podarcis sic&a. The subjects were anaesthetized and the inner ear perfused with fixative, either by transcardial infusion or direct introduction of the fixative into the inner ear. In pigeons the fixative was 2.5% glutaraldehyde in 0.1 M phosphate buffer. In chicks, starlings and lizards the fixative was 1% glutaraldehyde and 15% saturated picric acid in 0.1 M phosphate buffer. Specimens were stored in 2% glutaraldehyde in 0.05 M phosphate buffer until further treatment. They were then dehydrated in acetone, dried by the critical-point technique with liquid CO,, and sputter-coated with platinum to a nominal depth of 25 nm. Specimens were examined at 40 kV in a JEOL 120 CXII transmission electron microscope with a scanning attachment (TEMS-CAN), and images were observed by a secondaryelectron detector.
Results

Shapes of bundle, packing of stereocilia, and directions of tip links
At the apical (distal, or low-frequency) end of the birds' basilar papillae the hair bundles were tall and narrow (e.g. for the starling, Fig. 1 ; Gleich and Manley, 1988) . Sometimes, as here, the stereocilia on the lateral edge of the bundle bowed outwards in the middle, while remaining attached at their upper ends. Tip links were visible emerging from the shorter stereocilia in the bundle (Fig.  2) , and in undistorted bundles ran in the direction of the gradient in the heights of the stereocilia, i.e. parallel to the hair cell's axis of bilateral symmetry. A similar conformation for apical hair cells was seen in pigeons and chicks.
At the middle and basal ends of the bird papillae the bundles were wider, and contained more stereocilia. The shape of the bundle varied with the hair cell's position both along the apical-basal axis of the papilla, and along the neural-abneural (i.e. supe~or-infe~or) axis, although the exact relations were not quantified in the present study lar plate, the stereocilia were seen to be hexagonally packed (Fig. 6 ). The tip links ran along a (1,i) plane of the hexagon (defined in Fig. 5 ) and almost at right angles to the long axis of the bundle, so that the tip links ran parallel to the hair cell's axis of bilateral symmetry (Fig. 6 ).
In European lizards the basilar papilla is divided into two separate subpapillae. A basic description of papillar morphology can be found in Wever (1978) and Miller (1978) . A more extensive description is in preparation by one of us (C. KSppl). Fig. 7 shows a general view of the basal subpapilla of the lizard Podarcis sicula. The overlying material has been removed from the hair cells on the basal portion of the basal subpapilla (centre and left of figure). In this region, the hair cells are situated in two rows, of opposite polarity, one on either side of the papilla. The bundles were compact, approximately as deep as they were wide, with hexagonally packed stereocilia. The stereocilia were joined by tip links, running in the direction of the gradation in heights of the stereocilia. As in the birds, the direction of the links corresponded to the (l,?) plane of the hexagonal packing of the stereocilia (Fig. 8) . Similar observations were made from the basal subpapilla of the lizard Podarcis muralis (Fig. 9) . In both species it was not easy to see the organization in the hair cells in the apical part of the basal subpapilla, nor in the apical subpapilla, because the tectorial membrane always remained partially attached. However, where stereocilia and their tip links were visible, the same organization was evident in both these regions.
Columnar organization of the stereocilia
Within the hexagonal packing of the stereocilia, a further organization was visible. The tip links defined columns, running along a (1,i) plane of the hexagon in the direction of gradation of heights of the stereocilia, and running parallel to the hair cell's axis of bilateral symmetry. Figs. 3, 4, 6, 8, 9 and 11 show such columns, one of the most obvious examples being shown in Fig. 10 . In the avian papilla, the columns were more readily apparent in the bundles in the middle and basal areas of the papilla than in the tall and narrow apical bundles, perhaps because the latter bundles more readily suffered small degrees of distortion during preparation. The tip links always ran along the direction of the column. In many cases the stereocilia in adjacent columns had separated slightly, emphasising the columnar arrangement (e.g. Figs. 3  and 8) . In other cases, the stereocilia of the different columns had separated widely, perhaps due to trauma during preparation of the specimen, .while the stereocilia within the same column tended to stay together (Fig. 4) .
In the middle of the bundles the columns usually continued uninterruptedly from the shorter stereocilia to the taller (e.g. Fig. 3 ). However, particularly near the edge of the bundle, it was common for two adjacent columns to join into a single column, so that the side-wall of a single taller stereocilium received the upper ends of the tip links emerging from the tips of two shorter stereocilia. Examples, typical for all species, are shown in Figs, 8 and 9 . By contrast, the reverse condition, of one shorter stereocilium giving rise to two tip links, leading to the branching of a column as one moves in the direction of the taller stereocilia, was never unambiguously seen.
In birds, the orientation of the bundles changes in a systematic and regular way across the width of the papilla (Tilney et al., 1987; Gleich and Manley, 1988; Fischer et al., 1988) . Nevertheless, in all bundles the tip links continued to run parallel to the hair cell axis of bilateral symmetry, irrespective of the hair cell's orientation within the papilla. In addition, within the systematic and regular change in hair cell orientation across the papilla, it was sometimes possible to see occasional cells with an orientation quite different from their neighbours. Fig. 11 shows an example of a hair cell from a starling papilla, where the cell was oriented approximately 45-60 o differently from its immediate neighbours, as judged by the direction of the long axis of the bundle. However, the tip links and the columns of stereocilia in these rotated cells had the same orientation with respect to the bundle's own long axis (Fig. 11) as in all other hair cells.
Variation in heights of the stereocilia
It was commonly found that, within the general gradation in height of the stereocilia from shorter to taller within each column, all the stereocilia within one column could be a little taller, or a little shorter, than the corresponding stereocilia in adjacent columns. The open arrows in Figs. 3, 10, and 11 show examples of columns in which all the stereocilia tended to be taller than the corresponding stereocilia in adjacent columns. Such examples were seen in all species, and in hair cells from all parts of the papillae. In many cases no regularity was apparent in the positioning of the columns of taller or shorter stereocilia. For instance, there was no indication that columns of taller and shorter stereocilia were necessarily placed alternately. In view of these height variations, lines joining stereocilia of the same height in a bundle do not therefore always run exactly along the (1,l) plane of the hexagon, defined in Fig. 5 , as previously suggested by Tilney et al. (1986) . Moreover, the most regular gradation in heights of the stereocilia is produced along the tip link column, i.e. the (1.i) plane, rather than the (1,O) and (0,l) planes (a point also made by Tilney et al., 1988a) .
'Loose' and 'tight' bundles
Bagger-Sjiiback and Takumida (1988) divided bundles of the guinea-pig vestibular system into 'loose' and 'tight' bundles. In the more common loose bundles, lines drawn between stereocilia of equal height run along, or approximately along, the (1,l) plane of the hexagon. These lines run at right angles to the (l,i) plane containing the tip links. In the less common tight type, lines drawn between stereocilia of equal height may run along the (1,0) or (0,l) plane of the hexagon, these being oriented at 60" to the (1,i) plane containing the tip links. If one ignores the small height variations described in the previous section, it is possible to make a similar division among the bundles studied here. The very great majority of bundles analyzed, from both apical and basal parts of the papillae, were of the loose type. It was only in the apical quarter of the bird papillae that some bundles of the tight type were visible, and in most specimens they formed the minority.
Lateral links between stereocilia
As well as tip links, linkages joining the stereocilia laterally were visible. In all species studied in the present paper, the lateral links were visible in a band near the base of the stereocilia (e.g. Fig. 4) . Where the stereocilia separated into columns, no obvious debris was visible on the upper parts of the lateral, separated, walls of the stereocilia of the different columns (Fig. 4) . However in such cases, a close look deep into the gap could show debris on the lower lateral surfaces of the stereocilia, consistent with the remains of lateral linkages running between the columns near the base of the stereocilia.
Bundles with anomalous organization
In some birds, bundles were found which clearly did not fit in with the above scheme. One pigeon showed particularly dramatic differences, in the hair cells nearest to the neural (i.e. superior) edge of the papilla. Here, the bundles were commonly divided into two or more groups, with the columns defined by the tip links running in different directions in the two groups (Fig. 12) . It should be emphasised that hair cells with anomalies as shown in Fig. 12 formed a very small proportion indeed of the total number of hair cells examined (less than 1%).
Discussion
The present results extend to five additional species the observations, made initially in the guinea pig organ of Corti, that tip links exist in acousticolateral hair bundles. Tip links have now been found on hair cells from representatives of all vertebrate classes. It is therefore quite likely that they are universally present in acousticolateral mechanoreceptor hair cells. Now that tip links have been identified, the links or fragments of the links can be seen in earlier micrographs produced for other systems and species, although the authors did not point them out. For instance they can also be seen in the &ink Mabuya carinata (Fig. 15 of Miller, 1978) , and in the lateral line organ of the burbot Lota uulgaris (Fig. 10 of Flock, 1965) .
The observations also extend to five additional species the finding that tip links have a horizontal component in their orientation which runs parallel to the hair cell's axis of bilateral symmetry Comis et al., 1985) . The same point has been confirmed for hair cells of the fish saccular macula (Little and Neugebauer, 1985) . The hair cells investigated in the present paper have an advantage over those in the guinea pig organ of Corti, in that the compact hexagonally-packed bundles are less vulnerable to mechanical disruption during preparation. Moreover, the greater number of rows of stereocilia mean that the directional organization of the tip links is more easily demonstrated.
The hair cells of the present study have also demonstrated a new principle in the spatial organization of hair cell stereocilia, namely, the organization of stereocilia into columns, joined by tip links, running parallel to the hair cell's axis of bilateral symmetry. Columns can also be seen in inner hair cells of the guinea pig organ of Corti Fig. 3.4B in Pickles, 1988) . However, they are more difficult to demonstrate in the latter hair cells, because the shape of the inner hair cell bundles means that the stereocilia easily suffer small distortions during preparation.
The orientation of tip links along a column is in agreement with the idea that the tip links are involved in mechano-transduction, since the axis of bilateral symmetry of the cell also defines the cell's functional excitato~-in~bito~ axis in response to deflection of the stereocilia (Lowenstein and Wersall, 1959; Flock, 1965; Hudspeth and Corey, 1977) .
Because bundles during preparation tend to separate into columns defined by the tip links, it appears that the mechanical strength of linkages between columns is less than that of the linkages within a column. This is consistent with the results of Csukas et al. (1987) , who found that in the alligator lizard there are no sideways links between the stereocilia in the upper part of the bundle. Assuming that alligator lizards have tip and 9), and why anomalous bundles as in Fig. 12 are so rare. Further problems are how the various patterns of hair cell orientation across the papilla develop, and why when some hair cells have an orientation different from their neighbours, the tip-link columns still appear to run parallel to the hair cell axis of bilateral symmetry (Fig. 11) . Observations such as these, and those on the reversed guinea-pig hair cells described by Comis et al. (1989) , form some of the data against which theories of hair-cell development can be more critically evaluated.
These issues may be illuminated by some preliminary results on the development of tip-link orientation, which suggest that tip links are formed from an undifferentiated population of lateral links by the differential growth of the stereocilia of the various rows .
